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Abstract 

We describe the design, mathematical modeling, construction, and 
test of an acoustic test system intended to support the performance 
of high-intensity acoustic effects experiments on large targets at 
low-sonic to infrasonic frequencies. An early experimental version of 
the system, HILF1, used a compressed-air source and airflow 
modulator from the ARL Mobile Acoustic Source (MOAS) and a 
single-volume Helmholtz resonator test chamber to achieve sound 
pressure levels (SPL) above 140 dB in a 5-m3 volume. Based on results 
from this system, a more advanced system, HILF2, was designed and 
built. HILF2 uses a compressed-air source based on automotive 
superchargers, a low-impedance airflow modulator, and a 
two-volume Helmholtz resonator test chamber to achieve sustained 
high-purity sinusoidal sound pressure levels in excess of 155 dB in a 
2.5-m3 test volume at frequencies from 2 to 20 Hz. 
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1.   Background 

For several years, the Department of Defense Joint Non-lethal Weapons 
Directorate (JNLWD), through the Close Combat Armaments Center (CCAC) 
at the Tank-Automotive and Armaments Command/Armament Research, 
Development and Engineering Center (TACOM/ARDEC), sponsored an 
effort to demonstrate acoustic technologies that may be useful for nonlethal 
weapons. The U.S. Army Research Laboratory (ARL) has supported this 
effort with field and laboratory measurements and research on the design 
of high-intensity acoustic sources. These sources include both potential 
acoustic weapons and laboratory sources for use in exploring the effects 
produced on targets by high-intensity sound. 

In May 1998, in support of the effort by the JNLWD to assess the effective- 
ness of high-intensity sound as an acoustic weapon, we addressed the prob- 
lem of designing a test facility for low-frequency acoustic effects experi- 
ments [1]. Of particular interest was continuous (nonimpulsive) sound in 
the high-infrasonic frequency range from a few Hertz to just below human 
audibility (below about 20 Hz) and sound pressure levels (SPL) in the range 
from 140 to 160 dB (referenced to 2 x 10"5 Pa). A long history of anecdotal 
and some direct referential evidence has suggested that sound in this range 
may be capable of affecting human behavior through discomfort, disorien- 
tation, or distraction without producing permanent physical damage. How- 
ever, few laboratory facilities were available to the DoD for investigating 
the effects of sound in this frequency and intensity regime. The purpose of 
this effort was to design a high intensity infrasonic source that would sup- 
port such bio-behavioral effects experiments. In particular, the original goals 
as set forth in [1] were to design and construct a test facility that would (1) provide 
a test volume sufficient to hold moderately large test items or subjects (about 2 to 5 
m3), operate over a frequency range from about 20 Hz down to about 5 Hz, and (3) 
provide a uniform sound field in the test volume with an accurately controllable 
SPL up to 160 dB. 

The generation and radiation of controllable, intense, continuous sound at 
low audible and infrasonic frequencies—below 30 Hz—into open air is a 
difficult task. The dimensions of practical sources are much smaller than 
the large wavelengths involved (e.g., nearly 60 ft at 20 Hz) and therefore are 
inefficient at coupling acoustic energy into free space. As a point of refer- 
ence, the bulk of the cost of a high-quality home or theater loudspeaker 
system is associated with the reproduction of the low audible frequencies 
from above 20 Hz to several hundred Hz at intensities well below 120 dB— 
power densities thousands of times lower than our goal. 

Figure 1 shows the high infrasonic acoustic regime with respect to the au- 
dible frequency range. Also shown are the approximate frequency ranges 



Figure 1. Ranges of 
frequencies and sound 
intensities produced by 
certain sound sources 
and acoustic test 
facilities. 
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and intensities attainable with several laboratory and generic continuous 
wave sound sources. The ARL Mobile Acoustic Source (MOAS) is a large 
horn driven by a modulated compressed airflow capable of continuously 
producing SPLs up to 155 dB at frequencies from 20 to 300 Hz. The TEAM 
device operated by the National Testing Service modulates a high-pressure 
compressed airflow into an open-end test chamber/acoustic transmission 
line with a servo-driven fast valve. It is capable of very high SPLs (approach- 
ing 170 dB) in 30-s bursts over a frequency range from about 40 to 200 Hz. 
The Infrasonic Test System (ITS) operated by the Air Force Research Labo- 
ratory is a small (less than 1 m3) test chamber in which infrasound is gener- 
ated by mechanically driving a large piston sealed into one wall of the cham- 
ber. This system is capable of SPLs above 160 dB at its upper frequency 
limit (about 20 Hz). The ITS was the only source capable of covering the 
infrasonic frequency and intensity region of interest; unfortunately its small 
size limited its use to small animals or test objects. In addition, since the 
sound intensity varied with frequency and the sound intensity could not be 
varied, it was impossible to identify intensity and frequency effects thresh- 
olds. 



2.   Introduction 

In a previous report [1], we described the design, construction, and perfor- 
mance characterization of a first-generation experimental acoustic cham- 
ber. This system, called HILF1 (high-intensity, low-frequency no. 1), was 
the test vehicle for our first design for a system intended to support acous- 
tic effects studies at high intensities in the high-infrasonic frequency range. 
Our design took advantage of the high gain present within a Helmholtz 
resonator, yet it has the frequency tunability of a ported bass reflex enclo- 
sure (a Helmholtz/bass reflex hybrid of sorts). Our design consisted of a 
structurally massive sealed chamber of moderate volume with a port vented 
to free space (atmosphere). The chamber was driven by modulating a dc 
flow of air. By varying the port length, we could tune the source to be reso- 
nant over the frequency band of interest. At resonance, the maximum sound 
intensity would be achieved since the equivalent impedance of the source 
would be entirely real (resistive) with no energy being stored in the reactive 
portion of the acoustic impedance. 

HTLF1 successfully proved our design principles and produced continuous 
SPLs in excess of 140 dB over a frequency range of 5 to 20 Hz within a test 
volume of moderate size (5 m3). However, as we shall discuss below, HILF1 
was a proof-of-principle experiment and not a usable test system. Further, 
in the course of measuring the performance of HILF1, we identified major 
design changes that would lead to a follow-on system with improved per- 
formance and usefulness for effects studies. 

We first review briefly the basic principles and issues associated with the 
design of HILF1. We then discuss the shortcomings identified with HTLF1 
and our proposed solutions. Next follows a discussion of the theory and 
design of our new system—HILF2—and modeling of the expected perfor- 
mance of this system. Finally, we report the results of measurements of the 
performance of HILF2 operated in three different configurations and at dif- 
ferent frequencies. 



3.   Design Concept for the Infrasonic Test Chambers 

The goals for the second-generation infrasonic source (HILF2) were (1) a 
test volume sufficient to hold test items and associated experimental appa- 
ratus (2 to 5 m3), (2) a frequency range capability from about 5 to 20 Hz, and 
(3) a uniform sound field in the test volume with an accurately controllable 
intensity up to 160 dB. 

Both HILF1 and HILF2 consist of a closed chamber driven by acoustic en- 
ergy from a flow modulator and a compressed air source. (A flow modula- 
tor is essentially a valve that creates acoustic energy from a continuous (dc) 
airflow by periodically varying that flow.) The use of a closed chamber con- 
centrates the acoustic energy in a small volume, isolates the surroundings 
from the acoustic energy, and also makes possible the amplification of the 
acoustic intensity in the chamber by tuning the chamber to resonate at the 
desired frequency. The HILF chambers are forms of a Helmholtz resonator. 
AHelmholtz resonator consists of a compressible (closed) air volume (acous- 
tic compliance) connected to a duct or port with a freely moveable air mass 
(acoustic mass). The two resonate at a characteristic frequency in the man- 
ner of a mass attached to a spring. Helmholtz resonators (one form is famil- 
iar to audiophiles as the bass reflex loudspeaker enclosure) operate at wave- 
lengths greater than their largest dimensions and consequently produce 
nearly uniform sound fields throughout their volumes. 

A major portion of the phase I effort included developing a theoretical model 
to aid in designing the infrasonic source as well as complementing/vali- 
dating the experimental work. Fortunately the complex task of developing 
a theoretical model could be simplified by taking advantage of the fact that 
the wavelength of the sound field would be much larger than the largest 
dimension of the infrasonic chamber. This allowed us to represent the acous- 
tic elements using lumped parameters. The model we developed translates 
each acoustic element into an equivalent electrical component (i.e, acoustic 
compliance to capacitance, acoustic mass to inductance, losses to resistance, 
mass air flow to current, pressure to voltage). The end result was the devel- 
opment of an equivalent circuit electrical model [1]. 

3.1    Lessons Learned From the HILF1 Modeling and Experiments 

The main components of HILF1 were (1) the Helmholtz resonator cham- 
ber/test volume, (2) a commercial voice-coil-actuated flow modulator driven 
by an audio signal generator-amplifier source, and (3) a piston-type air com- 
pressor driven by a diesel engine. The modulator and air compressor were 
parts of the ARL MOAS and were borrowed from the ARL Atmospheric 
Effects Branch for the HILF1 proof-of-principle tests. Airflow from the com- 
pressor and modulator was piped directly into the chamber/resonator. The 



chamber was a 5- x 5- x 7-ft concrete-walled water tank (commercial grease 
trap); its interior was vented to open air with an adjustable port. The cham- 
ber/port combination was tuned to the desired frequency by varying the 
length of this port. 

As discussed in [1], we modeled the behavior of the HILF1 system using a 
lumped-parameter electrical circuit analog with circuit elements calculated 
from the equivalent acoustic elements of the system. In this model, voltage 
and current are equivalent to acoustic (ac) pressure and airflow. Acoustic 
loss elements (e.g., wall absorption, viscous losses in the port, and radia- 
tion of acoustic energy from the port) are modeled as resistors. Air-mass 
inertia or acoustic masses (e.g., port mass) are modeled as inductors, and 
compressible air volumes or acoustic compliances (e.g., chamber volume) 
are modeled as capacitance. Expressions for the acoustic elements in terms 
of the physical properties and dimensions of the various parts of the system 
were either derived by hand or taken from Beranek [2] or Seto [3] and are 
listed and discussed briefly in appendix A. 

Experimental studies of our infrasonic chamber validated with high accu- 
racy our use of an equivalent circuit electrical model for the chamber re- 
sponse and most of the elements in the model. The models for the reactive 
elements (acoustic masses and compliances) were found to be particularly 
accurate since these terms are based on geometrical properties of the sys- 
tem; however, the chamber losses used in our initial calculations included 
just one poorly understood effect—wall absorption. When the response of 
the real HILF1 system was measured, the experiments demonstrated that 
the chamber functioned as expected as a Heimholte resonator and was driven 
successfully by the modulator/air compressor at frequencies from 5 to 20 
Hz to SPLs in the chamber in excess of 140 dB (20 uPa reference). The meas- 
ured resonant frequencies for several port configurations matched the model 
predictions within a few percent. However, the measured SPLs at resonance 
were roughly 15 dB below the predicted values near 155 dB, and the mea- 
sured Q of the chamber (the ability of the chamber to store acoustic energy) 
was substantially lower than the predictions. These results indicated that 
the acoustic losses in the chamber were larger than expected. Increasing the 
loss in the model brought the model predictions into reasonable agreement 
with the measurements. However, we were not able to identify the cause of 
the additional losses. Reference [1] discusses possible sources of the addi- 
tional losses and the experimental results from several tests to mitigate these 
losses. These tests indicated that even if we were able to identify the major 
sources of acoustic loss in the HILF1 system, from a practical standpoint it 
is unlikely that we could reduce these losses substantially. Therefore, to in- 
crease the SPL in the chamber, we must either increase the source acoustic 
power, couple or transfer this power into the chamber more effectively, in- 
crease the efficiency of the chamber, or all of the above. 



3.2   Improvements to the HILF1 Design 

3.2.1 DC Air Source 

At resonance, the infrasonic chamber presents a very low equivalent im- 
pedance, approximately 2 kß. This is the major reason that it is so difficult 
to generate intense infrasonic sound intensity and nearly impossible to effi- 
ciently match and radiate this energy to free space. The HILF1 model showed 
that the largest overall SPL increase could be achieved by maximizing the 
airflow into the chamber while at the same time minimizing the impedance 
mismatch between the air source and the chamber. These goals formed the 
basis of the HILF2 design. 

A large increase in the dc air source power is not feasible—an SPL increase 
of 10 dB by this means would require increasing our compressed airflow by 
a factor of 10, and the MOAS source already used a 150-hp compressor! We 
can, however, make a modest increase in the dc source acoustic power and 
at the same time lower the source impedance (increase airflow for the same 
pressure). The air compressor with HILF1 had an equivalent acoustic power 
of about 110 hp (1700 ftVmin at 5 psig) and an impedance of about 120 kQ. 
By switching to a centrifugal blower for the dc air supply, we expect to 
increase the available acoustic power in the dc flow to 220 hp (3400 ft3 /min 
at 15 psig) at an impedance of 60 kß. We anticipate that with this source 
replacement, the sound intensity in the HILF2 chamber could be increased 
10 dB over the HILF1 design. 

3.2.2 Energy Transfer 

Experiments with the HILF1 design showed that a substantial amount of 
the energy available in the dc airflow is not transferred into the chamber. If 
we think of our acoustic source in electrical terms, our problem is similar to 
a classical pulse power design problem: We have a high-voltage (pressure), 
low-current (airflow limited) power supply with a high average power and 
we need to drive a low-impedance load with a high current (flow). We can 
maximize the amount of available power delivered to the load by dc charg- 
ing a storage capacitor (chamber volume) and then quickly discharging the 
capacitance through a low-impedance output switch when the storage ca- 
pacitor has stored all of the available energy delivered by the source per 
period. By discharging the storage capacitor through a low-impedance 
switch (modulator) we would pick up a substantial sound pressure increase 
by minimizing the impedance mismatch between the source and the load. 
As noted in [1], the Wyle modulator used for the HILF1 tests had an effec- 
tive flow resistance of about 70 kß; at resonance, the chamber presents a 
load of about 2 kQ. (based on the chamber loss estimated from our measure- 
ments) to this source impedance. These two impedances act as a voltage 
divider that reduces the chamber pressure variation (acoustic amplitude) 
to about 1/35 of its source value. A lower impedance flow modulator and 
storage surge tank should deliver energy much more efficiently to the cham- 
ber. 



Designing a low-impedance modulator involves two opposing concerns: 
the need to maximize the port area available to the airflow and the need to 
maintain tight tolerances between the large rotating members. A reason- 
able compromise between these two factors limits the effective area to less 
than 100 sq. in., which equates to equivalent impedance of approximately 
2 kQ—a good match to the chamber. We anticipate that a new lower im- 
pedance modulator and surge tank could increase the SPL by 6 dB. 

The surge tank has the added benefit of permitting a reduction in the modu- 
lator duty cycle (ratio of modulator ON (open) time to OFF (closed) time), 
which increases the peak pressures in the storage tank and therefore the 
airflow pulse released into the chamber. Since our chamber is resonant, 
wideband pressure impulses released into the chamber will excite this reso- 
nance (with variable efficiency), regardless of its frequency. The chamber 
resonance would be most efficiently excited by a modulator duty cycle of 
0.5. However, modeling of the system led to the suggestion that using a 
low-impedance modulator with a duty factor of 0.3 to release pressure im- 
pulses into the chamber from a surge tank could amplify the maximum 
airflow from its dc value of 3400 ft3/min to peak flow impulses in excess of 
10,000 ftVmin. We anticipated that these changes would increase the aver- 
age SPL by an additional 3 dB. 

3.2.3 Acoustic Efficiency 

As mentioned in section 1.1, the performance of the HILF1 systems is 
strongly determined and limited by acoustic losses—particularly since the 
systems rely on resonance and therefore depend upon storing acoustic en- 
ergy in the system. In [1], we postulated several acoustic loss mechanisms 
and described experiments to quantify these losses. In addition to the cal- 
culated wall absorption (which, as we have seen, was inadequate to explain 
our results), these mechanisms included wall flexure and unidirectional air- 
flow through the port. Two additional mechanisms are (1) chamber leaks, 
and (2) port mass loss at high sound intensities. 

Chamber leaks are simply holes through which sound may escape the cham- 
ber. Since the HILF chambers are large and have a number of openings and 
joints that must be sealed for optimum operation, leaks of some size are 
certain to exist and are expected to be difficult to quantify. 

A drawback of the HILF1 design is that the air from the compressor and 
modulator must flow through the chamber to free space via the tuning port. 
This creates a substantial wind in the chamber, which may interfere with 
human or biological effects experiments. Port mass loss caused by dc air- 
flow through the port has been mentioned and was discussed briefly in [1]; 
simply put, a substantial unidirectional airflow through the port or vent 
may blow the reactive air mass in the port or vent out of the system, carry- 
ing sound energy in the form of SPL-driven air-particle velocity with it. An 



estimate of the impact of this effect on system performance is presented in 
appendix C. The two-volume HILF2 eliminates this loss by eliminating the 
dc airflow through the port. However, at sufficiently high SPL, a second, 
similar energy loss may be driven by the sound itself; that is, substantial 
movement of air through the port is driven by the sound pressure. If the 
effect is real, we expect it to be nonlinear and to become important at a 
critical SPL. An estimate of the SPL at which this effect should become sig- 
nificant is also presented in appendix C. As discussed there, this loss may 
be reduced by altering the port or vent dimensions to increase its volume 
without increasing its acoustic mass. 



4.   Development of the Second-Generation High-Intensity Low- 
Frequency Source (HILF2) 

HILFl was a proof-of-principle experiment and feasibility demonstration. 
Our overall goal for HILF2 was to design, build, and test an infrasonic test 
system that would be a deliverable, useful system for conducting acoustic 
effects experiments. HILFl was a temporary test system: The air source and 
modulator were borrowed and not available for long-term use. The con- 
crete chamber was located in a field at the ARL Blossom Point Test Facility; 
no shelter was available and neither provisions for, nor permission to carry 
out, long-term materiel and biological effects experiments were provided. 
In addition, to the extent possible, we wanted to correct some of the perfor- 
mance deficiencies found in the HILFl experiments. Therefore, we identi- 
fied the following tasks for designing, constructing, and testing HILF2: 

(1) Redesign the test chamber to reduce acoustic losses and minimize 
airflow problems. 

(2) Reconfigure the system to use a new, dedicated, higher horsepower, 
lower impedance compressed air source. 

(3) Design and construct a new flow modulator with a variable duty fac- 
tor that could be coupled to a surge tank to allow the chamber to be 
driven by high-intensity wideband flow impulses and thereby maxi- 
mize the sound intensity in the chamber. 

(4) Integrate the components to produce a reasonably portable and reli- 
able system capable of being moved to an offsite research facility and 
used in long-term acoustic effects experiments. 

(5) Conduct a series of experiments to characterize the performance of 
the system and generate procedures and guidelines for its operation. 

In the following sections, we describe the modeling and test of a new de- 
sign concept for the chamber/resonator (sect. 4.1), the new air source used 
for HILF2 and its performance characterization (sect. 4.2), the modeling and 
construction of a new flow modulator (sect. 4.3), and the modeling of the 
overall performance of the new system (sect. 4.4). 

4.1   Two-Volume Helmholtz Resonator Test Chamber 

As noted briefly in section 3.2.3, the HILFl chamber/resonator design re- 
quired the unidirectional (dc) component of the airflow from the modula- 
tor to pass through the chamber and out the tuning port, causing possible 
acoustic losses and posing a potential "wind" problem for a system user. 
For the HILF2 design, the increased source capacity and modulator flow 
would exacerbate this dc flow problem. 



Our solution to this problem is to use a two-volume design for the acoustic 
chamber. In this design, the first volume receives the ac and dc airflow from 
the modulator and a vent is included that allows only the dc portion of the 
airflow to escape to free atmosphere. The ac SPL from this volume is coupled 
through a tuning port to a second, sealed test volume; this effectively elimi- 
nates dc airflow through the tuning port and within the test volume. Figure 
2 shows this arrangement, which is the idea behind the HILF2 two-volume 
Helmholtz resonator. The electrical circuit analog to this system is shown in 
figure 3. The tuning port is now a duct connecting two volumes ("input" 
and "test") separated by a rigid partition in the chamber. The two volumes 
act as two compliances, Cvl and Cv2, in series (through "ground") connected 
by the port mass, Mp; thus, the undamped resonant frequency, co0, of the 
combined volumes is given by 

(ö0 = l/(MpCeff)
1/2

/ (1) 
where 

Qff - CviCv2/(Cvl + Cv2). (2) 

Airflow from the compressor and modulator with its ac (acoustic) and dc 
(average unidirectional flow) components enters the input volume. The ac 
component excites the chamber resonance, causing a pulsating airflow in 
and out of the test volume with no net dc component. Thus, no unidirec- 
tional "wind" exists in the port or the test volume. The dc flow component 
escapes the chamber via a vent opening into the input volume (fig. 2). This 
vent is chosen to be a long (20 ft) pipe of moderate diameter (8 in.) and, 
consequently, has a large acoustic mass, Mv. By virtue of its large mass, this 
pipe presents high impedance to the acoustic signal in the chamber but 
allows the dc airflow component to pass out of the system (fig. 3). 

4.1.1 Modeling and Proof-of-Principle Experiment 

We explored the expected response of the two-volume Helmholtz system 
using the electrical analog model of the system shown in figure 3. The vari- 
ous elements used in the ac circuit analysis are described in detail in appen- 
dix A. Initial modeling results indicated that the concept was viable, and 
we planned an experiment to further test the concept. 

We modified the HILF1 chamber by installing a heavy plywood partition 
from floor to ceiling across the long dimension of the chamber. This parti- 
tion separated the chamber into two volumes with height and width of 5 by 
5 ft. and with depths of 36 1/4 in. and 42 1/2 in., respectively, for the input 
and test volumes. To anchor and further stiffen the partition, we attached it 
with U-bolts to two l-in.-diam. steel rods that passed through the center of 
the chamber. One rod was attached to steel plates in the center of the cham- 
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system. AC 
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ber lid and bottom; the other was attached to plates near the midpoints of 
the long sides of the chamber. (These rods had been installed for chamber 
stiffening in previous experiments; see [1].) For the tuning port between the 
chambers, a 10-in.-diam. PVC pipe coupler was mounted in a hole in the 
partition to take various lengths of 10-in. internal diameter PVC pipe. Each 
of the chamber volumes had a 2-ft.-diam. access hatch in the chamber lid. 
As for the HILF1 tests, the MO AS flow modulator was mounted at the ac- 
cess hatch to the input volume. In those tests, the tuning port was mounted 
at the other access hatch; for this experiment, the hatch to the test volume 
was sealed. An 8-in.-diam. hole was cut in one side of the input volume 
near the floor and an adapter was mounted in this hole to take 4-in. corru- 
gated plastic drain pipe to serve as the dc flow vent. All gaps and joints in 
the system were sealed with the use of foam-in-place polyurethane foam 
sealant. 
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Figure 4 shows representative modeling and experimental results for the 
HILF chamber modified as described and with the use of a lO-in.-diam., 27 
l/2-in.-long tuning port with a 4-in.-diam., 10-ft.-long dc vent. The smooth 
curves are model results. For the model, we assumed 6 psi dc pressure in- 
put from the MO AS air compressor and 100 percent modulation of this air- 
flow by the MOAS/Wyle 3000 modulator. The two-volume system shows 
two response peaks. The peak near 12 Hz is the desired chamber resonance 
that is controlled primarily by the tuning port; the very low-frequency peak 
below 2 Hz is a system resonance determined primarily by the mass of the 
vent. As noted in the figure, the four model curves correspond to different 
values for the chamber acoustic loss, Xabs. The upper curve was calculated 
with the use of the frequency-dependent wall-absorption term described in 
[1]; the lower curves use successively larger fixed-loss terms. Larger values 
of Kabs result in lower values of the parallel loss resistance (fig. 3) and a lower 
Q associated with the system resonance. Based on our previous experimen- 
tal results from HILF1, we anticipated chamber losses corresponding to Kahs 

= 0.03 and a system Q near 4. 

To measure the response of the two-volume chamber, we used the same 
techniques and instrumentation as described in [1] for characterizing HILF1. 
A microphone was placed in the approximate center of the test volume, the 
acoustic signal from the MOAS source was swept from 0.3 to 20 Hz in 80 s, 
and the acoustic signal was recorded in digital form. We generated frequency 
response curves for the chamber by performing a fast Fourier transform 
(FFT) on the frequency sweep data. The ragged curves in figure 4 are the 
FFT results for frequency sweeps run at 6 psi and 12 psi dc air pressure 
input for the lower and upper curves, respectively. As can be seen in the 
figure, the two-volume chamber behaved qualitatively as expected. The 
measured resonant frequency, /res, of the system in both cases was 11.7 Hz, 
in reasonable agreement with the model predictions (e.g.,/res = 12.2 Hz for 

Figure 4. Predicted and 
measured frequency 
response of two-volume 
Helmholtz resonator 
system used in proof-of- _* 150 
principle test. Smooth 
curves are predicted 
response assuming 
various acoustic losses 
(see text). Ragged 
curves are measured 
responses at 6 psig 
(black) and 12 psig 
(gray) input dc air 
pressure. 
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K3hs = 0.01). However, the SPL we observed in the test volume was substan- 
tially less than predicted—138 dB at/res for 6 psi input versus a predicted 
value near 146 dB for Kabs = 0.03. This indicates that the overall system losses 
were greater than expected. In apparent contradiction, by comparing the 
shapes of the response curves in figure 4, we can see that the measured 
resonance peak is actually sharper (higher Q) than the model curve for K^ 
- 0.03 and more closely agrees with the Kabs = 0.01 curve. This implies that 
the measured chamber losses are actually less than predicted. Apparently 
some mechanisms other than chamber loss reduced the chamber SPL be- 
low expectations. One candidate is dc backpressure in the chamber caused 
by restricted airflow through the vent. During the course of the experiments, 
we observed that the concrete access hatch on the test volume tended to lift 
up while the air source was running. The hatch consists of 5-in.-thick con- 
crete; its weight per unit area corresponds to a pressure of about 375 kg/m2 

or about 0.5 psi. Evidently, the 4-in.-diam. dc vent was too small to handle 
the airflow from the modulator. 

4.2   DC Air Source: Dual Centrifugal Compressors 

The best dc air source for our effort would be one with the lowest equiva- 
lent impedance; that is, it would have the highest flow rate while maintain- 
ing moderate back pressures (<15 psig). These requirements lend themselves 
to the use of a centrifugal-type air pump (centrifugal blower). Centrifugal 
blowers can typically maintain high flow rates at good efficiencies (>50%) 
and have the added advantage of being very compact. These characteristics 
make centrifugal blowers an ideal choice for superchargers on high-perfor- 
mance engines. When selecting the manufacturer of the centrifugal blower, 
we focused on the automobile industry since by far the bulk of the R and D 
in this technology has focused on optimizing blowers for racing. The blower 
we selected was a Paxton Novi-2000 model supercharger with a 
manufacturer's specification of 1700 ftVm at 28 psig. The Novi-2000 is a 
high-efficiency (almost 70 percent) belt-driven pump that is <12 cu. in. in 
volume. For our infrasonic source, we decided to use two superchargers in 
parallel for a total available airflow of 3400 ftVm. 

To power the superchargers, we used a "big-block" high-performance 
Chevrolet racing engine modified to provide approximately 400 hp. A big- 
block engine was chosen since it is known for its broad torque vs. rpm curve 
(at the expense of limited high-end rpm). Since we wanted to be able to run 
the engine through a wide range of speeds, we believed that it was impor- 
tant to use an engine with a broad torque response rather than one that 
would have to run at maximum rpm at all times to achieve the power out- 
put we required. After selecting the air source components, ARDEC let a 
separate contract for the purchase and integration of the dual supercharg- 
ers and racing engine. The delivered source consisted of the superchargers 
mounted on the front of the engine and driven from the front crankshaft 
pulley with 10-rib serpentine belts. The entire engine-compressor system 
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was mounted on a commercial engine test stand together with supporting 
subsystems (engine control, ignition, charging, and cooling systems). 

Since a centrifugal blower transfers energy to the airflow through the ve- 
locity of the tips of the impeller fins, the rpm of the impeller determines the 
output flow rate. The Paxton superchargers are each rated by the manufac- 
turer to produce a flow, Fc, of 1700 ft3/m and a pressure, Pmax, of 28 psig at 
a maximum impeller speed of 50,000 rpm. Although the backpressure claim 
of 28 psig seemed a bit optimistic, we felt that we could safely reach our 
target backpressure of 15 psi. 

For two compressors developing both maximum flow and maximum pres- 
sure simultaneously, the power input to the airflow, Fc Pmax, is 310 kW or 
410 hp. The engine was expected to be capable of developing about 400 hp 
at 4000 rpm. In an ideal centrifugal blower, the flow volume varies directly 
with impeller rpm and the static pressure varies as the square of the rpm. 
These relationships are shown in figure 5 for the flow volume and in figure 
6 for the static pressure (solid lines). 

Figure 5. Airflow as a 
function of impeller 
speed for dual Paxton 
compressors. Data 
points are measured 
flow; solid straight line   "P 
is specified flow, and      ^ 
dashed straight line is    ^ 
best fit to measured        _o 
flow. Ü. 
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Figure 6. Output 
pressure with flow 
blocked as a function of 
impeller speed for dual .O) 
Paxton compressors.       j§_ 
Solid line is specified      "JjJ" 
output pressure; dashed 3 
line is square law fit to    jg 
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4.2.1. Supercharger Limitations 

The air source (engine and superchargers) as delivered used 8-in.-diam. 
crank pulleys and 3-in.-diam. pulleys on the superchargers. The Novi-2000 
has an internal gear couple of 3.54 for a total ratio of 9.44:1 from crank to 
blower impeller. This compressor drive pulley ratio did not allow us to drive 
the compressors at their maximum rpm and thereby realize their full capac- 
ity. To reach the Paxton optimum speed of 50,000 rpm, the engine would 
need to turn at almost 5300 rpm. We believed that this was an excessive 
speed for continuous operation of a big-block engine. We were unable to 
determine the specified maximum rpm at which the engine could be run 
continuously, so we estimated this limit to be 4000 rpm. To use more of the 
capacity of both the compressors and the engine, we altered the drive pul- 
leys. First, we replaced the 3.5-in. pulleys on the Paxtons with smaller, 2.25- 
in.-diam. pulleys. With the original crankshaft pulleys, the new units were 
expected to increase the maximum compressor impeller speed from 38,000 
to 50,000 rpm at 4000 engine rpm. Unfortunately, the serpentine belts began 
to slip on the small pulleys at about 2500 engine rpm, so the maximum 
impeller speed was again limited to about 38,000 rpm. 

To correct the belt slippage limitation, we went back to the original 3.5-in.- 
diam. pulleys supplied with the supercharger and increased the diameter 
of the crank pulleys to 12 in. to maximize contact surface on the belt and 
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still achieve the pulley ratio needed to properly drive the superchargers. 
Again the belt began to slip at an impeller speed of approximately 38,000 
rpm. As mentioned earlier, the output flow is proportional to rpm and the 
pressure is proportional to the square of the rpm. This means that the horse- 
power required is proportional to the cube of the rpm! At higher speeds, a 
small change in rpm corresponds to a substantial increase in required horse- 
power. It appears that the 10-rib belt supplied with the superchargers was 
unable to transfer the hp required to drive the superchargers to their rated 
value. 

4.2.2 Experimental Evaluation 

Figures 5 and 6 also show the results of flow and pressure measurements 
taken with the compressor system operating with the original 2.43:1 pulley 
ratio. We measured airflows with an Omega Engineering FMA-906-V ther- 
mal air velocity sensor placed in either of the 4-in-diam. PVC pipes that 
connected the output of the Paxton blowers to the surge tank or in one of 
the 8-in.-diam. output vent pipes that exhausted the dc airflow from the 
chamber input volume. In figure 5, measured flow from the Paxtons is des- 
ignated as 4" L or 4" R corresponding to the outputs of the blowers located 
on the left or right side of the engine as viewed from the front (radiator). 
The flows from the two compressors were reasonably well matched. The 
chamber output flow (8 in. in the figure) was measured with a single vent 
open. Note that the total output flow measured in the 8-in. vent was notice- 
ably less than the sum of the Paxton outputs at higher impeller speeds (i.e., 
about 1400 ftVm versus 2 x 750 ft3/m at about 1750 rpm). We attribute the 
difference to leakage from the various joints in the chamber and its connec- 
tions. Note also that, despite the leaks, the no-load total flow from the com- 
pressors exceeds the specified flow. 

We measured compressor output and surge tank pressures with Omega 
engineering PX235 current-loop pressure transducers. The compressor zero- 
flow output pressure measurements shown in figure 6 were obtained from 
a transducer mounted on one of the Paxtons' 4-in. output pipe; the meas- 
urement was performed when the pipe was momentarily blocked. The 
measured pressures were about 30 percent lower than given by the ideal- 
ized specified performance curve. 

4.3    Low-Impedance Flow Modulator 

To optimize the energy transfer from the dc air source to the chamber, we 
planned to use the air source and a low-impedance flow modulator to cycli- 
cally "charge" or pressurize a storage tank and then rapidly discharge the 
storage tank into the chamber as a series of airflow impulses. Since HILF2 is 
a resonant chamber, it operates at a single frequency,/res, predetermined by 
tuning, and it cannot reproduce an arbitrary waveform. It will respond to, 
and amplify, acoustic energy from the flow modulator that falls within its 
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resonance bandwidth, and, as long as substantial acoustic energy from the 
source exists at/res, the dominant signal present in the chamber will be a 
sine wave with frequency fres regardless of the input waveform. Thus, we 
can, for example, excite the chamber with a series of pulses having a repeti- 
tion rate l//res and, by virtue of the chamber resonance, expect to obtain a 
reasonably pure sinusoidal waveform in the chamber. 

4.3.1 Low-Impedance Flow Modulator Design 

Our goal was to impulsively drive the chamber with the highest flow rates 
that were feasible. This meant that we needed to design a modulator with 
an extremely low impedance—preferably on the order of the chamber im- 
pedance during resonance (2 kQ) with a duty factor (fraction of time the 
modulator is ON (open)) less than 0.5. The impedance of a flow modulator 
is determined primarily by the effective area of the opening it presents to 
the flow when it is ON. The MOAS/WAS 3000 modulator had a maximum 
opening of 3.8 in.2; at 6 psig input, the maximum flow was about 1200 ftVm 
and the effective modulator impedance (incremental pressure/incremental 
flow) was about 70 acoustic kß. To reduce the modulator impedance to about 
2 kß (rough match to chamber losses), we would need to increase the area 
to about 50 sq. in. In addition, the WAS 3000 was a voice-coil-actuated modu- 
lator normally used to linearly vary airflow as a function of an arbitrary 
audio electrical signal; that is, for a sinusoidal excitation, its opening would 
vary sinusoidally from fully closed to fully open. This linear mode of op- 
eration is, at best, about 50 percent efficient in the use of power in the air- 
flow. The new modulator would operate in the more efficient manner of a 
nonlinear switch and drive the chamber with airflow impulses. 

The largest practical port area was determined mainly by the mechanical 
limitations of building the modulator (i.e., large ports require a large frame 
that must be rotated a high speeds while rnaintaining close tolerances be- 
tween the rotating surfaces to minimize air leakage). The total port area 
chosen for the modulator was 70 in.2 (two 12-in. x 2.9-in. slots). The acoustic 
impedance represented by this aperture is dependent on pressure across 
the aperture but should be on the order of 2 kQ. 

Figure 7 shows the principle behind our design for a large-area pulsed flow 
modulator. The modulator consists of three closely spaced coaxial cylin- 
ders. The inner and outer two cylinders (stators) are fixed; the middle cylin- 
der rotates freely with respect to the stators forming what is sometimes 
called a "captive rotor." The use of pilot and thrust bearings on the rotor 
allows tight tolerances (typically 0.003 in) between the rotating surfaces and 
translates forces to the modulator case and away from the rotor. The rotor 
has two diametrically opposed slots parallel to its axis; their combined area 
is the maximum flow area of the modulator (70-in.2). The stators have simi- 
lar axial slots that are twice the width of the stator slots. One of the stators 
can be rotated slightly with respect to the other to vary the overlap of the 
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Figure 7. Principle of 
captive-rotor cylindrical 
coaxial rotary-flow 
modulator. 

Modulator ON Modulator OFF 

Air flow 
Stationary 
cylinders 
(stators) 

Rotating 
cylinder 
(rotor) 

stator openings. This assembly forms a rotating valve. The modulator is 
mounted directly to the storage tank to minimize loss. Air under pressure is 
admitted to the cylinders along the axis at one end. 

The inner stationary cylindrical stator is completely sealed except for the 
two aperture slots. This feature has a significant effect on the mechanical 
efficiency of the valve. In a typical rotating air valve, the rotor is exposed to 
the static load from the dc air pressure and the dynamic load created by the 
pulsating air. This is not a trivial load; the authors have evaluated sirens 
using 2-hp motors to spin the rotors that have either seized or were unable 
to maintain frequency stability due to these forces. To compensate for these 
loads, the tolerances between rotating surfaces must be relaxed, or increased 
power is required to turn the rotor and sophisticated feedback control is 
required to maintain frequency stability. Relaxed tolerances also permit au- 
to leak from the modulator and decrease its acoustic efficiency. Another 
source of decreased acoustic efficiency is the imparting of spin to the air 
inside the valve by the rotor. This air rotation creates turbulence that im- 
pedes the normal airflow in the valve and contributes to the valve's imped- 
ance. The captive valve design described here minimizes each of these ef- 
fects. Since the inner stator is sealed, nearly 76 percent of the inner rotor 
surface is isolated from the incoming air. This in effect reduces the radial 
forces on the rotor and circular turbulence by that amount and completely 
eliminates axial and dynamic forces. 

The rotor is spun by an electronically speed-controlled 2-hp electric motor 
at l/2/res (two slots generate two air pulses per revolution). When the rotor 
slots move into position between the stator slots, the modulator is ON and 
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a pulse of air exits the slots and is directed into the HILF chamber. The 
modulator duty cycle, kdty, is defined as the fraction of the rotational period 
that the modulator is OFF. The motor used for this application was pur- 
chased for another application and is far from optimum for this experiment. 
The motor is designed to develop 2 hp at 10,000 rpm and provides a con- 
stant torque of 1 ft-lb. Since we are interested in acoustic tones in the infra- 
sonic range, the motor is being used far below its optimum speed and will 
therefore provide only a fraction of its rated power at these lower speeds. 
To keep the motor rpm as high as feasible, a pulley ratio of 4.74 was used 
between the valve and the motor. At a nominal acoustic operating frequency 
of 10 Hz, the corresponding motor speed would be 1422 rpm. This corre- 
sponds to only 0.27 hp delivered by the motor. At the lower frequency limit 
of 2.5 Hz, the power delivered by the motor was less than 0.1 hp: successful 
operation of the modulator under load at this speed showed that the cap- 
tive rotor design was mechanically efficient and very effective at minimiz- 
ing unnecessary forces on the rotor. 

To maximize the energy transfer from the dc air source and the chamber, 
we included in the modulator design the flexibility to "tweak" its operating 
characteristics. The adjustable stator mentioned above allowed us to vary 
slightly the maximum port area and the modulator duty cycle. The kdty could 
be adjusted from 0.3 to 0.5 for a constant peak aperture of 70 in2. The aper- 
ture area can also be varied from fully open to fully closed at an approxi- 
mately constant kdty = 0.27. 

4.3.2 Storage (Surge) Tank 

The storage tank served two purposes: (1) store the excess air volume (and, 
consequently, airflow energy) generated by the dc air source during that 
portion of a cycle when the modulator is closed and thereby maximize the 
available pressure, and 2) optimize the average acoustic power in the air- 
flow impulse released into the chamber by increasing the duration of the 
airflow impulses. 

Selecting the optimum tank size is a very complicated, recursive process 
since it is dependent on the air source flow and achievable backpressure, 
duty cycle of the modulator, impedance of the modulator, and duration of 
the impulses generated. This problem was further complicated since each 
of these variables is interdependent on the others. The ultimate objective is 
to tailor the shape of the impulse released into the chamber so that it con- 
tains as much average acoustic power as possible within the bandwidth for 
which the chamber is tuned. The final volume of the tank was chosen to be 
8.9 ft3 (0.25 m3), which would allow us to operate at kdty = 0.3 (to maximize 
pressure) and maintain significant energy at the fundamental of the fre- 
quency spectrum of the impulse. 
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4.3.3 Modeling the Performance of the Modulator and Storage Tank 

The flow modulator, surge tank, and engine-air compressors function to- 
gether as the acoustic signal source for the chamber. For purposes of the ac 
chamber response model, the acoustic source is modeled as an ac pressure 
source, Pir in series with a resistance, R{ (the flow modulator impedance) 
(fig. 3). The P; and R{ clearly are functions of the pressure and flow charac- 
teristics of the whole signal source subsystem. We modeled the output of 
the signal source by first obtaining estimates of the output pressure and 
flow volume of the compressors at a chosen engine speed as described in 
section 4.2; we then applied the resulting compressor dc flow rate, Fc, and 
maximum pressure, Pmax, as inputs to the surge tank and modulator with 
the modulator operating at the chamber resonant frequency/res with a duty 
cycle kdty. The time-dependent modulator output flow, Fm, and surge tank 
pressure, Pj, driving this flow were calculated by the use of an ad hoc BASIC 
program that iterated the following difference equation on time steps At: 

Pt® = {[(Fm Af -FmAt + Vt)/VtV (Pt(i -1) + Patm)} / pa atm / 

where Vt is the surge tank volume and y is the adiabatic heat capacity of air. 
Fjn was assumed to vary linearly with the input pressure differential; that is, 
fin = Pc (Pmax - Ft(i - 1))/Pmax. Fm is, itself, a function of Pt, the temperature, 
Ft, of the air in the tank, and the instantaneous area, Am(t), of the modulator 
opening. Tt(t) was calculated in parallel with Pt(t): 

Tt(i) = Tt(i - 1) [(Vt + Fm At)/Vt]^. 

The measured compressor outlet air temperature was used as the initial 
value for Tt. The kdty was fixed at 1/3 for these calculations (for our mea- 
surements, the actual value was 0.3); at this setting, the modulator opening 
area ramped linearly from zero to its maximum value and back to zero in 
1/3 of the modulator period. At each time step, Fm(t, Pt, Tu Am) was calcu- 
lated using adaptations of the expressions previously used to calculate flow 
through the WAS 3000 flow modulator (see Appendix B). 

Figure 8a shows results calculated for several modulator cycles with the 
modulator operating at a frequency of 12 Hz with inputs Fc = 1800 ftVm, 
Pmax = 3.7 psig, and input air temperature of 35 °C. The surge tank volume 
is 8.9 ft3. Figure 8(b) is a detail of a single modulator output pulse. The 
dashed lines represent the flow modulator opening area. The airflow through 
the modulator peaks at about 3.3 m3/s and then starts dropping before the 
modulator reaches full opening. The tank pressure varies from about 2.6 
psig just before the modulator starts to open to less than 0.1 psi soon after 
the modulator reaches full opening. The resistance, Rif of the modulator 
varies from infinity to some minimum value as the modulator opens up, so 
the choice of a proper single value for R{ is not obvious. Since the maximum 
signal input to the chamber corresponds to the maximum flow, we defined 
R( to be the tank pressure at the time of maximum flow divided by the 
maximum flow. For the present case shown in figure 8(b), Pt = 1.0 psig when 
Fm peaks at 3.3 m3/s, and R{ = 1 psig/(3.3 m3/s), or 2120 acoustic ohms in 
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Figure 8. Calculated       (a) 
pressure and flow as a 
function of time in flow 
modulator-surge tank 
system operating at 12 
Hz with input Fc = 1800  g, 
cfm and Pmax = 3.7 psig.  «5 
(a) Several modulator     •*" 
cycles; (b) detail of a        2! 
single modulator pulse.  u> 
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consistent units. This value is very close to the modulator design goal of 
2000 Q. 

To determine that portion, FTms, of the acoustic power contained in the air- 
flow pulses from the modulator that is effective in exciting the chamber 
resonance, we performed a fast Fourier transform (FFT) on Fm(t) after first 
removing the dc flow component and calculating the total rms value of the 
waveform Fm(t) at all frequencies, F^^. Figure 9(a) shows the resulting acous- 
tic spectrum for the modulator. From the figure, the spectral peak at the 
modulator fundamental frequency of 12 Hz has an amplitude of about 0.65 
m3/s. Since the power associated with a spectral peak is a function of its 
width as well as its amplitude, we obtained a more correct value by exam- 
ining the cumulative integrated power spectrum as shown in figure 9(b). 
The system will be driven effectively by that fraction of the acoustic power 
that falls within the resonance bandwidth. Assuming a Q of 3, the band- 
width at 12 Hz is 4 Hz and the system will respond to energy in the range 
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Figure 9. Acoustic 
power in modulator 
pulses as a function of 
frequency obtained 
from fig. 8 by FFT. 
(a) Flow spectrum; 
(b) cumulative acoustic 
power as a function of 
frequency 
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from 10 to 14 Hz. For our example, from figure 9(b), a fraction k = 0.46 of the 
acoustic power in the flow falls in this range. For this case we also have 
ftrms = 0.97 m3/s. The total power in the flow is proportional to (Fbms)

2; 
therefore, the rms amplitude of the effective fraction of the modulator spec- 
trum is (F^s f = k (Ftnns )2 or F^ = (0.46)1/2 * 0.97 m3/s = 0.66 m3/s—a very 
small correction to the peak value read from figure 9(a). The equivalent ac 
rms source pressure at the modulator fundamental frequency, Pir that would 
drive this flow through the modulator resistance, R{, is 

■* i — ■'rms •'M • 
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Therefore, for this case the equivalent circuit elements for the modulator 
are R{ = 2120 Q and P, = 0.66 m3/s * 2120 Q, = 1400 Pa at/= 12 Hz. 

Based on early measurements of the performance of the supercharger sys- 
tem that used the 2.25-in.-diam. pulleys on the superchargers, we estimated 
that this system would produce Fc = 2350 ftVm and Pmax = 13 psi at a rea- 
sonable maximum engine speed of 4000 rpm. Figure 10 shows the calcu- 
lated modulator tank pressure and flow for these values of Fc and Pmax with 
the modulator operating at 12 Hz; figure 11(a) shows the resulting modula- 
tor flow spectrum and 11(b) shows the integrated power in the spectrum. 
With these inputs, the equivalent circuit elements for the modulator and air 
source at 12 Hz are Fims = 1.12 m3/s, Rf = 2472 Q, and Pfc) = 2770 Pa. Simi- 
larly, figures 12,13(a), and 13(b) show the calculated source system perfor- 
mance at 4000 rpm with the modulator operating at 5 Hz. In this case, FTins 

= 0.86 m3/s, Rf = 4694 Q, and P;(t) = 4000 Pa. At 5 Hz, the modulator surge 
tank has time to "charge" to a higher pressure than at 12 Hz (almost 10 psig 
vs. 5.3 psig). However, the surge tank empties earlier in the cycle at the 
lower frequency (well before the modulator reaches full opening), so the 
effective resistance of the modulator is increased. The modulator is also 
slightly less efficient at 5 Hz because more of the acoustic energy in the flow 
pulses it produces is contained in the higher harmonics. 

Figure 10. Calculated 
pressure and flow as a 
function of time in flow 
modulator-surge tank 
system operating at 12 
Hz with input Fc = 2350 
cfm and P^^ = 13 psig.   £ 
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Figure 11. Acoustic 
power in modulator 
pulses as a function of 
frequency obtained 
from fig. 10 by FFT. 
(a) Flow spectrum; 
(b) cumulative acoustic 
power as a function of 
frequency. 
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Figure 12. Calculated 
pressure and flow as a 
function of time in flow 
modulator-surge tank 
system operating at 5 
Hz with input Fc = 2350 
cfm and P^* = 13 psig.   o. 
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Figure 13. Acoustic 
power in modulator 
pulses as a function of 
frequency obtained 
from figure 12 by EFT. 
(a) Flow spectrum; 
(b) Cumulative acoustic 
power as a function of 
frequency. 
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4.4   Modeling the Performance of the Complete HILF2 System 

We next applied the expected acoustic energy output of the air source and 
flow modulator to our model of the Helmholtz resonator chamber to obtain 
an estimate or prediction of the overall performance of the second-genera- 
tion system. 

Figure 3 is the simplified circuit model for the two-volume Helmholtz reso- 
nator system; the more complete model used for our calculations is shown 
in figure 14. The major components of the system include the acoustic source 
represented by Pi(t) and Rif the input volume (compliance), CVi, and test 
volume, CV2r and their respective wall-absorption losses, Rwau, the internal 
port with its mass, Mp, compliance, Cp, and loss, Rp, and the vent with its 
mass, Mv, and loss, Rv. Appendix A gives the general expressions for these 
acoustic elements in terms of the various dimensions of the system and 
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Figure 14. Detailed 
electrical circuit analog 
for two-volume 
Helmholtz resonator 
acoustic test system. 
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physical constants. To account for acoustic losses in the chamber in addi- 
tion to the terms _RwaU and the port and vent losses, an additional term, 
Rieak, has been included. This loss is added as an air leak from the test cham- 
ber and takes the form of a 4-in.-long hole to the outside with adjustable 
diameter. 

We solved the ac circuit loop equations for the circuit in figure 14 by using 
another ad hoc QuickBASIC program that incorporated the (in some cases, 
frequency-dependent) expressions for the values of the various circuit ele- 
ments. Outputs from the program were the rms SPLs Piv and Pw for the 
input and test volumes, respectively, as a function of frequency. Figure 15 
shows the calculated Pw response over the range from 0 to 25 Hz for the 
two-volume system with an 8-in.-diam., 20-ft.-long vent and two 10-in.-diam., 
54-in.-long internal ports. We planned to use two ports to avoid possible 
system performance limitation by SPL-induced port mass loss (see app C). 
We used the values of PL and Rf calculated for the Paxton compressors oper- 
ating at Fc = 2350 ftVmin and Pmax = 13 psig and with the modulator oper- 
ating at 12 Hz as discussed in section 4.2. The upper curve in the figure is 
the test volume SPL calculated with the use of the frequency-dependent 
wall-absorption losses, i?wall. The three curves below include additional loss, 
Rieak, through successively larger leaks with diameters of 0.5, 0.78, and 1.0 
in. For this configuration, the model shows a high-frequency resonance,/rhi, 
at about 13 Hz and a low-frequency resonance,/rlo, at about 2 Hz. The up- 
per resonance is determined by the mass of the internal tuning port and the 
series compliance of the test and input volumes; the lower resonance is de- 
termined by the mass of the vent and the sum (or parallel combination) of 
the two-volume compliances. For our nominal input conditions and the 
minimum-loss case (no Rhak), the model predicts an SPL of 159.4 dB at the 
upper frequency/rhi = 13.3 Hz; the system Q associated with this peak is 
4.56. However, based on our previous experiences with HTLF1 and the HTLF2 
proof-of-principle tests, we were forced to consider this prediction to be 
optimistic. At 13 Hz, the calculated values of Rwaül (input volume) and Rwall2 

(test volume) are 20100 and 18340 &, respectively, for a net parallel loss re- 
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sistance of 9590 ß. As noted in section 1.2, our proof-of-principle experi- 
mental SPL results were best fit with a net parallel loss resistance (chamber 
impedance) of about 2000 Q. This net loss can be simulated by the addition 
of Rieak = 2500 Cl, which corresponds to a 0.78-in.-diam., 4-in.-long hole to 
the outside from the test volume. 

The resulting predicted system response is shown in figure 15 (third curve 
from top). The predicted SPL at/rhi is 155.3 dB with Q = 2.97. Note that a 
fairly small hole—representing all the leaks in the system—reduces the pre- 
dicted SPL by almost 4 dB. 

Figure 15 also shows that the double resonance of the two-volume system 
produces a band-pass filter response. The system response is predicted to 
be relatively flat between the two resonant frequencies (within 10 dB with a 
0.5-in. leak) with fairly sharp cutoffs at higher and lower frequencies (-20 
dB per octave). This suggests that, if maximum SPL is not required, the 
system can be operated over the range of frequencies in its passband by 
simply varying the modulator frequency without tuning the port. 

Space limitations prevent the use of internal ports in HILF2 with lengths 
greater than about 60 in. This limits the upper resonance of the two-volume 
system to frequencies above 10 Hz. (Other system designs that avoid the 
internal port size constraint will be discussed later.) However, as indicated 
by the lower resonance in figure 15 associated with the vent, the system 
might also be operated in a modified single-volume mode. In this mode, 
the internal port is reduced to a large hole in the partition between the in- 
put and test volumes to reduce its mass and raise its associated resonant 
frequency, and the vent becomes the tuning port. For an 8-in.-diam., 2.5-ft. 
port coupled with the full chamber volume of 4.5 m3,/ri0 is about 5 Hz. Like 

Figure 15. Calculated 
test volume SPL 
frequency response in 
HILF2 with the use of 
two 10- by 54-in. 
internal ports and an 8- 
in. by 20-ft vent and 
assuming different 
levels of acoustic loss 
(see text). 
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the original HILF1 single-volume Heimholte resonator system, this arrange- 
ment has the disadvantage that the dc airflow component must again pass 
out of the system through the port. As we discuss in appendix C, the ex- 
pected losses associated with this flow through the port may limit the sys- 
tem performance. For the single 8-in. port just discussed and a system Q of 
3, the criterion developed in the Appendix (eq. C-5) indicates that severe 
losses will occur for a dc airflow Vdcmax = 262 ftVmin—well below the out- 
put of the compressors at idle. However, the same/rlo is achievable by the 
use of three 8-in.-diam., 7.5-ft. tubes; this arrangement raises Vdcmax to a re- 
spectable 2360 ftVmin. 

Figure 16 shows the predicted SPL response as a function of frequency for 
HILF2 operated in this modified single-volume mode to take advantage of 
the lower system resonant frequency. For these calculations, the long tubu- 
lar internal port was replaced by a 2-ft-square hole through the partition 
between the input and test volumes and the vent was three 8-in.-diam., 7.5- 
ft tubes as just described. For this vent arrangement (now, the tuning port), 
the ac flow cutoff SPL calculated from equations (C-7) and (C-8) is almost 
170 dB. The compressor output was again assumed to be Fc = 2350 ftVmin 
with Pmax = 13 psig with a resulting calculated ac modulator output P{ = 
4000 Pa and R{ = 2145 W at 5 Hz. The upper curve assumes wall absorption 
only; as above, the successively lower curves assume 4-in.-long leaks with 
diameters of 0.5, 0.78, and 1.0 in. The fifth curve with the double hump is 
the 0.5-in. leak result plotted on a 2X frequency scale from 0 to 50 Hz. This 
curve shows that the system still has two resonances—the 2-ft2 hole in the 
partition is predicted to function as a low-mass port and generate a reso- 
nance at about/rhi = 40 Hz. The mass of this hole is surprisingly high. Even 
though the hole is only 3/4 in. long (plywood thickness), end effects give it 
an effective length of 21 in. (see appendix A, eq A-2). Its ac cutoff SPL is over 
174 dB! Even though the modulator will not operate at this high frequency, 
this resonance might be excited by harmonics of the modulator output. 

Figure 16. Calculated 
test volume SPL 
frequency response in 
HILF2 operated in 
single-volume mode 
with a 24- by 24-in. hole 
in the internal partition 
and three 8-in. by 7.5-ft 
vents as a tuning port 
and assuming different 
levels of acoustic loss 
(see text). 
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If we assume that the system losses at 5 Hz are fairly represented by a 0.78- 
in.-diam. leak, then, as shown in figure 15, the predicted SPL at/rio = 5.5 Hz 
is 153 dB. The system Q at/rlo in this case is just 1.4. At this low frequency, 
the 0.78-in. leak imposes a severe loss on the system since the leak rate is 
determined almost completely by the low-velocity air viscosity alone. 

Table 1 summarizes our modulator and circuit model predictions for the 
performance of HILF2 with the use of the nominal Fc = 2350 ftVmin, Pmax = 
13 psig output from the air compressors. 

Table 1. Summary of 
predicted HILF2 

Internal port: two 10-in.-diam., 54-long ducts 
Vent: two 8-in.-diam., 240-in. ducts 

through partition 

performance from 
flow modulator and 
circuit model results, 
assuming air 
compressor outputs, 
Fc = 2350 ftVmin and 
Pmax = 13 psi. 

Calculated Modulator operation at 12 Hz: Pj = 2770 Pa, R( = 2472 Q 

Assumed loss sources 

Operating 
resonance 
frequency 

(Hz) 

SPLat 
peak 
(dB) 

Net 
parallel 

loss 
resistance 

(ß) 

Qat 
operating 
resonance 

Wall absorption only 
Wall +0.5 in.-diam., 

13.3 
13.3 

159.5 
158 

9830 
4660 

4.6 
4.0 

4-in. long leak 
Wall + 0.78-in.-diam., 13.1 155.5 1915 3.0 
4-in. long leak 

Wall + l.O-in.-diam., 12.5 153 1044 2.1 
4-in.-long leak 

Internal Port: one 24-in.-square, 3/4-in.-long hole in partition 
Vent (tuning port): three 8-in.-diam., 90-in.-long ducts 
Calculated modulator operation at 5 Hz: Pf = 4000 Pa, R{ = 4645 Q. 

Operating SPLat Net Q 
Assumed loss sources resonance peak (dB) parallel operating 

frequency loss resonance 
(Hz) resistance 

(ß)     ' 
Wall absorption only 5.1 163 12980 3.7 
Wall + 0.5-in.-diam., 5.2 159 4190 2.5 
4-in.-long leak 

Wall + 0.78-in.-diam., 5.5 153 1418 1.4 
4-in.-long leak 

Wall + l.O-in.-diam., 6.4 149 727 1.0 
4-in.-long leak 
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5.   Measuring the Performance of the HILF2 System 

We conducted a series of performance tests on the complete two-chamber 
HILF system in April to June 2000. Over this period, the system was oper- 
ated in a variety of configurations with various combinations of ports, vents, 
and compressor pulley ratios, and a number of system modifications were 
made in an attempt to correct problems or deficiencies that were encoun- 
tered. 

Early in this test series, we identified a major deficiency. As noted in section 
3, in tests in which we used both 3.5-in. and 2.25-in.-diam. pulleys on the 
Paxton compressors with the 8-in.-diam. engine crankshaft pulley, we ob- 
served belt slippage at engine speeds corresponding to about 34,000 com- 
pressor impeller rpm—well below the specified capacity of the compres- 
sors and the horsepower rating of the engine. In an attempt to increase belt 
contact area with the compressor pulleys while mamtaining the 1:13 en- 
gine-to-impeller rpm ratio achieved with the 2.25-in. compressor pulleys, 
we replaced the 8-in. crankshaft pulleys with custom 12-in.-diam. units and 
reinstalled the 3.5-in. compressor pulleys. We also constructed and installed 
a fixed idler arrangement and additional bracing of the compressor mounts 
to increase the serpentine belt tension. Unfortunately, these measures did 
not solve the problem, and we continued to observe belt slippage at about 
34,000 impeller rpm. Further investigation indicated that the slippage prob- 
lem is associated with just one of the compressors. The L (left side) com- 
pressor was invariably the source of the belt slippage squeal. In addition, 
this unit and its cooling oil output became much hotter during operation 
than the R (right side) unit. By contrast, we were able to run the R unit at 
over 47,000 rpm with the L unit disconnected. We hypothesize that the bear- 
ings or internal gear train in the L unit may be damaged and generating 
excess drag at high rpms. Since we lacked both time and money to seek 
repair of the L unit, we were forced to restrict our tests to engine and com- 
pressor speeds well below their specified capacities. 

Rather than present the details and results of the many varied tests per- 
formed, we discuss here the results of tests representative of the perfor- 
mance of the system in its "final" form, subject to the air source operational 
limitations just noted. 

5.1   Instrumentation for the Performance Tests 

The air pressure and airflow sensors were described in section 3. For the 
tests described here, we recorded the time dependencies of the air pressure 
in the modulator surge tank and the airflow in one of the 8-in.-diam. vent 
ducts from the chamber input volume. 
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The Chevrolet engine control system included an analog tachometer and 
an electrical signal output from the ignition system. We determined that the 
analog tachometer had an accuracy of roughly ±10 percent of the indicated 
engine rpm. The pulses from the ignition system were processed by a fre- 
quency-to-voltage converter or could be directly counted to generate accu- 
rate measures of engine (and, thus, compressor) rpm. 

We made SPL measurements in the chamber using Bruel & Kjaer capacitor 
microphones, model 2669 preamplifiers, and a model 5935 power supply. A 
model 41911/2-in. microphone was used in the input volume and a model 
4136 microphone was used in the test volume; at a polarization voltage of 
28 V, the sensitivities of these microphones were 541.1 and 6105 Pa/V, re- 
spectively. 

The air pressure, flow, engine rpm, and SPL data were recorded in parallel 
with the use of a Tektronix TDS684A digital oscilloscope and an IOTech 
WaveBook 8-channel, 12-bit waveform digitizer coupled to a laptop com- 
puter. 

5.2   Experimental Procedures for the Performance Tests 

The dynamic speed controller for the flow modulator dc drive motor has 
three modes of operation: (1) set for constant rpm, (2) rpm internally pro- 
grammed for sweep from a starting to an ending value, and (3) rpm exter- 
nally programmed by a 0- to 10-V input voltage. Generally, we performed 
two types of measurements on the system: (1) single frequency, and (2) fre- 
quency sweep. To perform a single-frequency measurement, we would first 
set the flow modulator controller for the desired rpm (one-half the desired 
frequency), then start the engine and set the desired compressor rpm, and, 
finally, trigger the digital oscilloscope and waveform digitizer to record the 
SPLs and other system variables. For these single-frequency measurements, 
we used short recording times at moderate data-sampling rates (e.g., 4.1 s 
at 2 kHz for the digitizer) to provide reasonable waveform and harmonic 
resolution. To perform a frequency sweep, the flow modulator controller 
was externally driven by an analog ramp generator between preset mini- 
mum and maximum frequencies. After starting the engine again and set- 
ting its rpm, we then simultaneously triggered the ramp generator and the 
recording instruments. The modulator frequency would then ramp linearly 
from its preset minimum to maximum value. To provide high resolution of 
low frequencies, we used long-duration sweeps with low data-sampling 
rates. A 150-s measurement at 54.67 Hz provided a frequency resolution of 
0.0067 Hz and a frequency range from 0 to 27.3 Hz for 8200 points. 
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5.3   Performance Test Results and Discussion 

5.3.1 Two-Volume Test With Single Vent 

We installed two 10-in.-diam, 54-in.-long internal ports in the HILF cham- 
ber and vented the input volume of the chamber to free air with a single 8- 
in.-diam., 21.8-ft-long metal duct. Figure 17 shows the system as it appeared 
with the single metal vent installed. The dual compressors are visible on 
the engine stand at the right ends of the two 4-in. white PVC airlines. The 
surge tank and two 10-in. internal port sections are visible on top of the 
chamber, as is the 24-in. concrete hatch cover. This system configuration is 
essentially the same as that described and modeled in section 5. The impel- 
ler-to-engine rpm ratio for this test was 8.6:1. 

Representative test results are shown in figures 15 and 18 through 22. The 
jagged curve in figure 15 is SPL measured as a function of frequency in the 
chamber test volume with the engine operating at 2500 rpm (21,500 com- 
pressor impeller rpm). These curves were obtained by sweeping the modu- 
lator operating frequency from 2 to 25 Hz in 150 s. The resulting SPL data 
were analyzed with an FFT and scaled to produce the frequency response 
curve. Note that the general shape of the measured response and the loca- 
tion of the high-frequency resonance are in reasonable agreement with the 
previously generated model predictions shown in the figure. In particular, 
the shape of the model curve generated with the use of an assumed 1 /2-in.- 
diam. leak is a close fit to the measurement above 10 Hz. The measured SPL 
falls well below the model curves; however, the model results were gener- 
ated assuming the theoretical output of the compressors operating at 4000 
engine rpm and 34,400 impeller rpm. 

Figure 17. HILF2 system 
configured for initial 
performance tests with  - 
single 8-in. vent. 
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Figures 18 and 19 show instantaneous SPL waveforms recorded in the test 
(solid curves) and input (dashed curves) volumes at engine speeds of 2500 
and 4000 rpm with the modulator operating at the nominal /res = 13 Hz. 
Very clean sine waves were recorded in the test volumes with SPLs of 154.6 
dB and 158.5 dB at 2500 and 4000 rpm. The waveforms in the input volume 
are distorted on the positive half-cycles by the input pressure pulse from 
the modulator. The SPLs in the test and input volumes are out of phase by 
nearly 180° as expected at resonance for the two-volume Helmholtz resona- 
tor. Figure 20 shows the acoustic spectrum of the SPL recorded in the test 
volume at 4000 rpm and confirms the purity of the waveform: the second 
harmonic is more than 25 dB below the fundamental, and the higher order 
harmonics rapidly fall below the noise floor. Over 99 percent of the acoustic 
energy is concentrated in the fundamental at 13 Hz. 

Figure 18. Test volume 
(solid curve), input 
volume (dashed curve) 
SPL, and surge tank 
pressure (gray curve) as 
a function of time for 
HILF2 operating at 13 
Hz in two-volume, 
single-vent mode with 
compressor speed of 
21,500 rpm. 
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Figure 19. Test volume 
(solid curve), input 
volume (dashed curve) 
SPL, and surge tank 
pressure (gray curve) as 
a function of time for 
HILF2 operating at 13 
Hz in two-volume, 
single-vent mode with 
compressor speed of 
34,400 rpm. 
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Figure 20. Acoustic 
spectrum of SPL in test 
chamber for HILF2 
operating at 13 Hz in 
two-volume, single- 
vent mode with 
compressor speed of 
34,400 rpm. 
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Figure 21. Measured 
(solid curve) and 
calculated (dashed 
curve) surge tank 
pressure as a function of 
time for HILF2 
operating at 13 Hz in 
two-volume, single- 
vent mode with 
compressor speed of 
21,500 rpm. 
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Figures 21 and 22 show the recorded (solid curve) and predicted (dashed 
curve) pressure in the modulator surge tank as a function of time for the 
modulator operating at 13 Hz with engine speeds of 2500 and 4000 rpm 
(8.6:1 pulley ratio). The model curves were computed as described in sec- 
tion 4.2, assuming Pmax = 3.7 or 9.5 psig and Fc = 1720 or 2750 frVmin at 
2500 and 4000 engine rpm, respectively. The observed peak tank pressures 
are close to the predictions in both cases, but the minimum observed pres- 
sures were much higher than expected. At 4000 rpm, we expected the tank 
to blow down to less than 0.4 psig at the end of each modulator ON cycle, 
but the rninimum observed pressure was about 1.7 psig. This implied sub- 
stantial backpressure in the test chamber; that is, the average (dc) test cham- 
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Figure 22. Measured 
(solid curve) and 
calculated (dashed 
curve) surge tank 
pressure as a function of 
time for HILF2 
operating at 13 Hz in 
two-volume, single- 
vent mode with 
compressor speed of 
34,400 rpm. 
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ber pressure was not close to ambient atmospheric pressure as we intended. 
In fact, following the tests we observed that the 24-in. concrete hatch on the 
test volume had been lifted out of position against its own weight and also 
against the restraint of a heavy nylon strap under high tension. In addition 
to applying unintended and unnecessary stress to the chamber (and on a 
possible test subject's eardrums), the dc backpressure reduced the pressure 
excursion (maximum to minimum pressure) generated by the modulator 
pulses and therefore the amplitude of the acoustic signal in the chamber. 
Evidently, the single 8-in.-diam. vent was inadequate to handle the dc air- 
flow from the chamber without an unacceptably large pressure drop. At 
this point we suspended the tests pending installation of additional vents 
and upgraded compressor drive hardware intended to permit compressor 
operation at the full rated 50,000 impeller rpm. 

5.3.2 Two-Volume Test With Triple Vent 

For these tests, we installed two additional 8-in. ID ports with metal ducts 
to the input chamber. The dc airflow vent now consisted of three 8-in.-diam., 
26.5-ft-long pipes in parallel. As in 5.3.1, the internal port connecting the 
input and test volumes consisted of two 10-in.-diam., 54-in.-long ducts. 

We also installed the new 1:13.07 ratio compressor drive hardware and as- 
sociated compressor mount improvements intended to permit operation at 
the full rated 50,000 impeller rpm. As noted above, however, belt slippage 
continued to limit operation of the system to an impeller speed of about 
34,000 rpm at about 2500 engine rpm. 

Figure 23 shows SPL (solid ragged curve) measured in the chamber test 
volume as a function of frequency for this system configuration with the 
modulator frequency swept from 2 to 25 Hz and with the compressors op- 
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erating at 1930 engine/rpm and 25,230 impeller rpm. The upper resonance 
has an SPL of about 154 dB at 12.5 Hz. Also shown in the figure (smooth 
curves) is the calculated response, assuming various levels of acoustic loss. 
The upper curve assumes wall absorption only; the successively lower curves 
also include increasing losses through a decreasing parallel loss resistance, 
#ioss- The observed/res is slightly lower than the predicted 13 Hz; the ob- 
served Q of the system at 12.5 Hz is 2.6. The resonance peak amplitude is 
close to that predicted by a sum of wall absorption and other losses equiva- 
lent to Rloss = 5 kQ. Figure 24 shows the waveforms recorded in the test and 
input volumes with the modulator operating at 13 Hz and the compressors 
operating at 2415 engine/31,560 impeller rpm. The test chamber SPL was 
1240 Pa (155.9 dB). Note again the clean waveform in the test volume and 
the higher positive peak in the input volume caused by the modulator air- 
flow pulse. Unfortunately, the compressor drive problems discussed above 
limited operation to below 2500 engine rpm instead of the hoped-for 4000 
rpm full power level. 

155 

Figure 23. Measured 160 
(solid ragged curve) 
and calculated (smooth 
curves) test volume SPL 
frequency response in 
HILF2 with compressor m* 4 50 
speed of 25,230 rpm        "ö 
with the use of two 10-   _j 
in. by 54-in. internal        Q- 145 
ports and three 8-in. by CO 

26.5-ft vents. Calculated 
responses assume 
different levels of 
acoustic loss (see text). 
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Figure 24. Test volume 
(solid curve) and input 
volume (dashed curve) 
SPL as a function of 
time for HILF2 
operating at 13 Hz in 
two-volume, three-vent 
mode (see fig. 23) with 
compressor speed of 
25,230 rpm. 
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5.3.4 Single-Volume Test With Triple Vent as Tuning Port 

Of particular interest in figure 23 is the size of the lower resonant peak near 
2.6 Hz. As discussed in section 5, this peak results from the response of the 
Helmholtz resonator formed by the compliance of the total volume of the 
chamber and the acoustic mass of the three 8-in.vents—the internal port 
has little effect on this resonance and serves merely to connect the two cham- 
ber volumes. Even though the system was not optimized to respond in this 
mode and at this frequency, both the model and the measurements indi- 
cated that this peak was greater in amplitude than the high-frequency reso- 
nance (about 157 dB under these operating conditions at 1930 engine rpm). 
Figure 25 shows the test chamber waveform and surge tank pressure re- 
corded with the modulator operating at 2.6 Hz and with the compressors 
operating at 2490 engine rpm and 32,540 impeller rpm. For this case, the 
SPL in the test volume at 2.6 Hz was 2350 Pa (161.4 dB)! The waveform is 
not as pure a sinusoid as shown in figures 19 or 21. The secondary peak on 
the positive side of the waveform occurs at the same time as the rapid de- 
crease in surge tank pressure associated with the airflow pulse from the 
modulator. The acoustic spectrum corresponding to the SPL in figure 25 is 
shown in figure 26. The harmonic content of the waveform is much greater 
than for the two-volume resonance at 13 Hz (figs. 20 and 24). Since the in- 
put and test volumes act as one in the low-frequency, single-volume reso- 
nance mode, the waveform in the test volume is not "filtered" with respect 
to the input volume waveform as is the case in the two-volume resonance 
mode. Despite this, over 90 percent of the acoustic energy in the test vol- 
ume SPL is concentrated at the 2.6-Hz fundamental. 
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Figure 25. Test volume 
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Figure 26. Acoustic 
spectrum of SPL in test 
chamber for HILF2 
operating at 2.6 Hz in 
single-volume mode 
(see fig. 25) with 
compressor speed of 
32,540 rpm. 
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To investigate further the response of the system in this single-volume reso- 
nance mode, we then removed the two 10-in.-diam., 54-in.-long internal 
ports and one plywood mounting board, leaving one 10-in. round hole and 
one 14- x 14-in. square hole through the partition between the input and 
test volumes. Effectively, we drastically reduced the acoustic mass of the 
internal port, raising the expected two-chamber high-frequency resonance 
from 13 Hz to above 40 Hz. Figure 27 shows SPL (ragged solid curve) mea- 
sured as a function of frequency for a sweep from 2 to 5 Hz with the com- 
pressors operating at 2002 rpm engine rpm and 26,170 impeller rpm. The 
SPL at resonance (about 160 dB) is essentially unchanged from that mea- 
sured near the same rpm with the 10-in. internal ports in place. Also shown 
in the figure are calculated responses for the system with the holes in the 
partition, assuming various levels of acoustic loss. Based on the shape of 
the measured resonance curve at and above resonance, the system Q is about 
2.0. On the upper side, the measured response is reasonably well matched 
by the calculation that assumes only wall-absorption losses. Below reso- 
nance, the system response drops off more rapidly than predicted by the 
calculations. The calculations assume a constant modulator input efficiency 
as a function of frequency; in reality, we expect the efficiency to fall off rap- 
idly with frequency as the modulator flow pulse duration becomes very 
short compared with the modulator's operating period. 

Finally, figure 28 shows the measured and calculated frequency response of 
the system with the three vents reduced in length to 11.75 ft and with the 
compressors operating at 1930 engine rpm and 25,200 impeller rpm. The 
reduced vent mass raised the measured single-volume resonance peak to 
about 4.4 Hz; the intensity at resonance at this rpm was about 159 dB and 
the system Q was about 2.0. 

Figure 27. Measured 
(solid ragged curve) 
and calculated 
(smooth curves) test 
volume SPL frequency 
response in HILF2 
with compressor speed 
of 26,170 rpm with two 
holes in internal 
partition and three 8- 
in. by 26.5-ft vents. 
Calculated responses 
assume different levels 
of acoustic loss (see 
text). 
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Figure 28. Measured 
(solid ragged curve) 
and calculated (smooth 
curves) test volume SPL 
frequency response in 
HILF2 with compressor -jr» 
speed of 25,200 rpm 
with two holes in 
internal partition and 
three 8-in. by 11.75-ft 
vents. Calculated 
responses assume 
different levels of 
acoustic loss (see text). 
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53.5 Summary of Test Results 

Table 2 summarizes the performance test results just presented. In general, 
the measured performance of the HILF2 system is in reasonable agreement 
with the predicted performance from our model calculations. Comparing 
table 2 with the calculated response in table 1 for the system operating with 
compressor outputs of Fc - 2350 ftVrnin and P, = 13 psig, at 13 Hz with the 
two-volume single-vent configuration, we achieved an SPL corresponding 
approximately to the predicted performance, assuming losses only slightly 
greater than wall absorption alone. Taking into account the substantially 
lower airflow power available with the compressor operating at 25,200 rather 
than 35,000 rpm, the system performance at 4.4 Hz is similarly in line with 
the predictions for 5 Hz. We achieved our target maximum SPL in excess of 
160 dB (2000 Pa) at 2.6 Hz, even though the compressor rpm was limited to 
35,000 rpm rather than the design maximum of 50,000 rpm. Given the cubic 
dependence of airflow power on compressor rpm, we therefore achieved 
our goal with one-third the expected power input. 
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Table 2. Partial summary of HILF2 measured performance. 

Configuration                                     Engine Impeller F Pmax f SPL SPL 
rpm rpm (cfm) (psig) (Hz) (Pa) (dB) 

2 vol, two 20- x 54-in. internal            2507 21,560 1720 3.7 13.0 1070 154.6 
ports, one 8-in. x 21.8-ft. vent            4035 34,700 2750 9.5 13.0 1680 158.5 

2 vol, two 20-x 54-in. internal             1930 25,230 2020 5.1 12.5 1000 154.0 
ports, three 8-in. x 26.5-ft. vents          2415 31,560 2525 8.0 13.0 1240 155.9 

1 vol, three 8-in. x 26.5-ft. vents/port 2490 32,540 2600 8.5 2.6 2350 161.4 
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6.   Recommendations for Further Work 

While we were successful in meeting the performance goals for the infra- 
sonic test system, we could not claim as of the time of this report that we 
had produced "a reasonably portable and reliable system capable of being 
moved to a research facility and used in long-term acoustic effects experi- 
ments" (sec. 4, task 4). During the performance tests, several deficiencies 
and some outright failures of system components became evident in HILF2. 
In addition, HILF2 as configured for the performance tests was not very 
suitable or user-friendly for its ultimate purpose—supporting high-inten- 
sity acoustic effects experiments—and it was not really portable, that is, 
capable of being moved (road worthy) and used at sites other than ARL. 
Further work on the HILF system could range from making essential re- 
pairs and modifications on the existing system to obtain a working test sys- 
tem at minimum cost to performing a major reconstruction of the system to 
enhance its performance and versatility and streamline its use by second- 
party experimentalists (turnkey system). We outline some specific tasks in 
appendix D. 

42 



7.   Conclusions 

We have designed, modeled, and tested an improved high-intensity infra- 
sonic test system—HILF2. This unique system includes a dedicated high- 
capacity compressed-air source, a low-impedance airflow modulator of our 
own design, and a novel two-volume Helmholtz resonator/test chamber. 
The system design was aided and confirmed through the use of a series of 
ad hoc computer-based computational models of the air source, modulator, 
and resonator subsystems. System performance tests demonstrated that we 
were successful in achieving the goal of generating in the 2.4-m3 test vol- 
ume sustained, high-spectral-purity SPLs in excess of 155 dB at frequencies 
from 2.6 to 13 Hz. At full available power from the air source, levels of 161.4 
and 158.5 dB were achieved at 2.6 and 13 Hz, respectively. We believe that 
this performance is unequalled. With some additional effort to correct iden- 
tified deficiencies, the HILF system can provide a unique large-volume, spec- 
trally clean, controllable acoustic environment for materiel, biological, and 
human effects experiments at frequencies and intensities only marginally 
available at other facilities. 
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Appendix A. Lumped-Parameter Acoustic Elements 

The acoustic elements we used for modeling the response of the HILF sys- 
tem include the source elements, the loss elements, and the reactive ele- 
ments. 

The acoustic energy source (flow modulator) is represented as a time-vary- 
ing single-frequency (sinusoidal) RMS input pressure, P^ (equivalent to an 
ac electrical voltage source) in series with a characteristic resistance, R{. In 
our case, the actual source is a complex system consisting of the air com- 
pressors, surge tank, and flow modulator. We describe the derivation of P^ 
and R( from the characteristics of this system in section 4. 

The reactive elements are acoustic compliances associated with air com- 
pressibility in volumes and acoustic masses associated with the inertia of 
air (usually in tubes) moving under acoustic excitation. The compliances, 
Cac, in m3per Pa associated with the chamber volumes are given by 

Cac = V/(yP0), (A-l) 
where V is the volume in m3, yis the ratio of the specific heats for air, and P0 

is the ambient atmospheric pressure. The masses, Ma, in kg per m4 of the 
port and vent are given by 

Ma = p0[L + ka]/(An) (A-2) 
where p0 is the density of air, L is the length of the tube associated with the 
port or vent, a is its effective radius, and A is its cross-section area. If mul- 
tiple identical ports are used in place of a single larger port, n is the number 
of ports. 

The quantity in square brackets in eq. (A-2) is the effective length of the port: 
A: is a constant associated with the additional mass contributed by tube end 
effects; for example, each end of a tube that is flush with a large surface 
contributes 0.85 to k. Free ends each contribute 0.613 to k. 

Loss elements include acoustic absorption by the walls of the chamber, Rwau, 
viscous losses in the port, Rap, and radiation of acoustic energy to the exter- 
nal environment (radiation resistance), RaT: 

Rwan = 2gP0/(ckahsS), (A-3) 

where c is the speed of sound, fcabs is the frequency-dependent acoustic ab- 
sorption coefficient for the wall material [1] and S is the wall area exposed 
to the sound. Note that this expression applies when Rwall is treated as a 
leakage of energy to the outside (ground), that is, is in parallel with the cham- 
ber compliances. Thus, larger values of JRwau correspond to smaller losses. 
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The kinetic acoustic resistance of a tube or duct is 

Kak = Po [L/a + 2] (4 7i [if)1/2/(A n), (A-4) 
where |i is the kinetic viscosity coefficient for air (1.56 x 10"5 m2/s at stan- 
dard temperature and pressure (STP)) and/is the frequency in Hz. 

At audible frequencies, acoustic resistances are generally modeled with the 
use of only the kinetic viscosity of air (eq (A-5)); however, since Rak de- 
creases with decreasing frequency, at very low frequencies, Rak becomes 
small and the flow resistance, Ras, associated with the static or low velocity 
viscosity of the air becomes significant: 

Ras = 8 7C ii L/(A2n), (A-5) 
where h is the low-velocity viscosity of air. To effect a smooth transition 
between R^ and RaS/ we treated them as one term, Ra/ after adding them as 
the square root of the sum of their squares: 

K = (RJ + R^2)1/2. (A-6) 
An additional source of acoustic loss is the frequency-dependent radiation 
of acoustic energy from ports or vents connected to the outside. This is char- 
acterized by the radiation resistance, Rai: 

Rai = nf2n2p0/c, (A-7) 
Note that Ra and Rar are resistances in series with the ports or vents (larger 
values correspond to larger losses). 
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Appendix B. Calculation of Modulator Flow as a Function of Pressure 

The derivation of the expressions for volume airflow, Fm, through the flow 
modulator follows the treatment given in [4]. The basic expressions for com- 
pressible flow are: 

P0/P = [1 + (Y- 1)M2/2F/(Y-D, (B-l) 

T0/T=[1 + (Y-1)M
2
/2]/ (B-2) 

and 

Po/p = [l + (Y-l)M2/2]1^-i)/   . (B-3) 

where P, T, and r are the variables, T0 and P0 are 273 K and 1 standard atmo- 
sphere, respectively, r0 is the density of air at STP, and y is the ratio of spe- 
cific heats for air. The mass flow rate, ma, through the modulator aperture of 
area Am is: 

ma = r0(r/r0)cmMAm, (B-4) 

where M is the flow Mach number and cm is the static speed of sound at the 
modulator input. We have 

c = [yRT\1/2, (B-5) 
where R is the ideal gas constant. From equation (B-l), we obtain 

M = {(2/(Y-1) [10 «T- Wtilo§ (pi"/pata) - l]}1/2, (B-6) 

where P^ is the input pressure to the aperture and Patm is the ambient pres- 
sure. In turn, from equations (B-2) and (B-5) we obtain 

cm = [JR Tin /(l - (7- DM 2/2)]!/2 . (B-7) 

From the ideal gas law, we also obtain 

ftn = i,in/(RT'in). (B-8) 

We then substitute equations (B-l), (B-7), and (B-8) into (B-4) to obtain 

ma = Pin Y1/2 (R W~in [1 - (Y- 1) M2/2]-Kv + D/2( v- Dl M Am .    (B-9) 

The modulator volume flow, Fm, is simply ma/patm, where 

Patm = A>[J,.tmVPoT.tm], (B-10) 
and Tatm is the ambient air temperature. In the BASIC flow modulator cal- 
culations, we first obtain the Mach number, M, for the flow through the 
aperture using equation (B-6) and the input conditions. (For calculated M > 
= 1, the actual flow is saturated or choked on the input side at Mach 1 and 
we restrict M to be less than or equal to 1.) patm is calculated with the use of 
equation (B-10) and finally Fm is calculated with the use of equation (B-9). 
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Appendix C. Acoustic Mass and Energy Loss in Ports or Vents 

We consider two sources of loss of acoustic mass and energy in a duct or 
tube used as a port or vent. The first is associated with a continuous flow of 
air through the duct such as may be caused by the dc airflow component 
from a flow modulator. For a Helmholtz resonator, at some point during an 
acoustic cycle at the frequency/res/ the duct contains all of the acoustic en- 
ergy in the system in the form of kinetic energy of the air in the duct. If this 
air is exhausted from the system, that acoustic energy is lost. To approxi- 
mate the effect of an energy loss of this kind on the system, we assume that 
the energy loss is proportional to one-half of the volume of air in the duct 
that is removed per cycle. Since 1/Q is the fraction of energy lost to the 
system during each cycle, we can write 

1/Q = (1 - 1/QoXl/Q) + 1/Qo, (C-l) 

where Q0 is the initial system Q and Q is the net system Q with the dc flow 
losses included. The first term is the fractional energy loss per cycle from 
the dc flow; the second term is the initial energy loss per cycle. This leads to 

Q = QoQ//(Qo + Q/-l). (C-2) 
If we assume that roughly one-half of the energy in the system is lost when 
the dc airflow in the port per cycle equals the volume of the port, we have 

l/Qf=l/2[Vdc/(Vpf)], (C-3) 

where Vdc is the rate of dc airflow through the port in m3/s and/is the 
frequency. We now define the threshold for serious system performance 
loss caused by dc flow as the flow, Vdanax, that results in a reduction of the 
system Q by a factor of two. Substituting Q0/2 for Q in eq (C-l) we obtain 

Q/=Qo-l- (C-4) 
Equations (C-3) and (C-4) then yield 

^dcmax = 2Vp//(Qo-l). (C-5) 

As an example, consider an 8-in.-diam., 20-ft.-long port (vent),/ = 13 Hz, 
and an initial system Q0 = 3.0. The port volume is then 0.2 and Vdcmax = 2.6 
m3/s. At 2350 cfm, Vdc = 1.11 m3/s—short of Vdcmax, but close enough to 
suggest that significant performance loss may occur. At 5 Hz, Vdcmax = 1.0 
m3/s and we are at the limit. A larger diameter port (or more of them) should 
be used. 

The second source of loss in ports is associated with flow through the port 
driven by the ac component of the pressure in the chamber—the sound 
itself. Consider a port (duct or tube) with volume Vp attached to a larger 
volume (e.g., the HILF2 test volume), Vv If Vx is to be driven to a pressure 
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change, Ap, via the port, a volume AVX of air must be driven through the 
port into Vv From the gas laws, we have 

(P0 + Ap) (Vj + AVtf = P0 V{*, (C-6) 

which leads to 

1 + AV1/V1 = [P0/(P0 + ty)]1/y, (C-7) 

where P0 is atmospheric pressure. This may be rearranged to yield 

Ap = {[l + AV1/VJi-l}P0. (C-8) 
If we assume that the port will lose its effectiveness as an acoustic mass if 
AVi approaches Vp, then 

Ap = {[l+Vp/VJJt-l}P0. (C-9) 
Ap now represents the "cutoff" peak (instantaneous) SPL for the system. 
This cutoff may be considered the acoustic equivalent of the saturation of 
ferromagnetic inductors by the current in the inductor. Expressed in dB, the 
critical SPL for the system is then 

cutoff SPL = 20 log10( I Ap I /(21/2 * 2 x 10"5)). (C-10) 

To maximize the cutoff SPL, we should maximize Vp. Since we generally 
have a target port mass (to set the system resonant frequency,/res), this ar- 
gues for ports with large areas. Doubling the area (or number) of ports re- 
quires doubling the port length to maintain the same port mass; thus, the 
port volume is quadrupled. For the HILF2 system with Vx = 2.5 m3 (test 
volume), a single 10-in.-diam., 28-in.-long port results in/res = 12 Hz and a 
cutoff SPL of about 157 dB. If we use two 56-in. ports to obtain the same/res, 
the cutoff SPL is raised to 168.5 dB. 
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Appendix D. Possible Further Work on the HILF System 

D-l. Correct Failures/Deficiencies in Present System 

The following tasks should be completed to produce, at rninimum cost and 
effort, a system that can be used for basic acoustic effects experiments at 
offsite (non-ARL) locations: 

1. Locate and fix compressor drive problem (repair bad Paxton com- 
pressor?) 

2. Replace metal vent ducts with large-diameter PVC pipe, (lightweight 
metal heat ducts used for vents collapsed and fractured under cyclic 
pressure variations produced by high SPL operation) 

3. Upgrade mounting of system components (chamber, engine stand, 
surge tank, and modulator) on trailer and provide weather protec- 
tion to allow safe road transport of system. 

4. Document system operation and maintenance. 

D-2. Make System More User-Friendly as an Acoustic Source 

These tasks may be performed (at increasing cost and effort) to produce a 
system that is more versatile, has higher performance, and is more easily 
used for acoustic effects experiments, particularly by second-party experi- 
menters: 

1. Upgrade compressor mounts and belt drives (larger serpentine belt 
or timing-belt drive) to allow long-term operation at higher power 
levels. 

2. Alter flow modulator belt drive to extend operation to lower frequen- 
cies (below 2 Hz). 

3. Replace present tuning ports through internal partition in chamber 
with external adjustable-length large-diameter PVC duct "U-tube" 
connecting test and input volumes. This externally located tuning duct 
would allow the use of larger, longer ports to reach lower frequen- 
cies while retaining the advantages of two-volume operation and 
would also permit easy adjustment of system tuning without enter- 
ing the chamber. 

4. Replace chamber top access hatch with side door in test volume to 
allow easier, faster access to experimental volume. 

5. Add "switchable" additional surge tank capacity to improve low-fre- 
quency (single-Hz) operation. 
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Replace existing concrete chamber (commercial grease trap) with 
custom-fabricated cast reinforced concrete chamber with internal con- 
crete partition and provisions for all ports and vents, modulator 
mounting, and side-mounted access doors. 

Add loudspeaker drive capability. For use at SPLs below 140 dB, a 
loudspeaker module that would replace the flow modulator could 
drive the system. This drive system would be much easier to control 
and would allow indoor system use for experiments not requiring 
the higher SPLs. 

Upgrade all system controls to provide a "turn-key" operational ca- 
pability and simplify use of the system by second-party experiment- 
ers. 
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